Intravenous administration of the local anaesthetic lidocaine has been used to treat neuropathic pain for several decades[@b1] and significantly improves postoperative pain associated with complex spine surgery[@b2] and cholecystectomy[@b3]. It is well established that lidocaine used for regional anaesthesia blocks impulses in peripheral nerves by inhibiting voltage-gated sodium (Na^+^) channels[@b4]. However, the underlying mechanisms of intravenous lidocaine may be more complex than simply the blockade of impulses in the nerve roots, because lidocaine has a remarkably broad pharmacological action.

Investigations of the optimum concentration of lidocaine for spinal and peripheral regional anaesthesia suggest that a high concentration (\>200 μM) is required to block peripheral nerve fibre impulses[@b5][@b6]. The half maximal effective concentration of lidocaine for myelinated and unmyelinated dorsal root axons were 232 and 228 μM, respectively[@b6]. The half maximal inhibitory concentration for blocking different sciatic nerve fibres ranged from 320 to 800 μM[@b7]. However, when lidocaine is intravenously administered in doses from 1 to 5 mg/kg, its plasma concentration ranges from 4 to 20 μM. Therefore, the clinically effective plasma concentration of lidocaine to produce analgesia is far below that needed to block nerve impulses[@b8][@b9].

In neuropathic or inflammatory pain animal models, intravenous lidocaine is thought to exert analgesic effects by blocking specific Na^+^ channels in injured nerves or dorsal root ganglia (DRG)[@b10][@b11][@b12][@b13] because these channels are more sensitive to lidocaine[@b14]. The expression of tetrodotoxin (TTX)-sensitive Na^+^ channels, Nav1.3 and Nav1.7, is increased in the DRG or peripheral nerves after nerve injuries or inflammation, which causes hyperexcitability[@b14][@b15][@b16]. Several lines of evidence suggest that TTX-resistant channels expressed in nociceptors, Nav1.8 and Nav1.9, are especially important in neuropathic pain. However, the analgesic mechanisms of intravenous lidocaine in naïve rats with normal pain thresholds have not yet been examined. Although Na^+^ channels actions are undoubtedly the primary site of action for local anaesthetics, they are not necessarily the sole target of these drugs. Interactions with other signalling systems have been reported for many years, but have not received much attention, because the clinical importance of such effects has never been firmly established.

Multiple mechanisms regarding the site of action for the analgesic effects of lidocaine have been proposed, such as Na^+^ channel blockade in nerve fibres; interaction with many membrane receptors, proteins, and phospholipids; modulation of K^+^ channels, Ca^2+^ channels, *N*-methyl-D-aspartate (NMDA) receptors, α-amino-3-hydroxy-5-methyl-4-izoxazolepropionicacid (AMPA) receptors, and GTP-binding protein coupling receptors[@b17][@b18] in dorsal horn neurons; direct action on the central nervous system including spinal cord neurons and the central terminals of DRG neurons; and the modulation of a balance between excitatory and inhibitory signalling in the spinal dorsal horn[@b19][@b20][@b21][@b22][@b23][@b24][@b25][@b26]. As the spinal dorsal horn, especially the substantia gelatinosa (SG), is a key area for pain processing[@b27][@b28], we hypothesized that intravenous lidocaine acts on spinal SG neurons and modulates synaptic transmission. The *in vivo* patch-clamp technique is a useful tool to investigate changes in the balance between excitatory and inhibitory synaptic transmission in SG neurons because the neural circuit is preserved[@b28]. We therefore used this method to examine the mechanism of action of intravenous lidocaine in the spinal cord.

Results
=======

Intravenous lidocaine has an analgesic effect on mechanical noxious response
----------------------------------------------------------------------------

We used behavioural measures in rats to examine whether intravenous lidocaine has an analgesic effect on pain responses. The mechanical baseline withdrawal threshold was 20.3 ± 2.7 g (n = 24). Intravenous lidocaine significantly increased the mechanical threshold for paw withdrawal in a dose-dependent manner (each dose group; n = 6, *P* \< 0.05 by one-way ANOVA, [Fig. 1a](#f1){ref-type="fig"}).

Ten minutes after the intravenous administration of lidocaine, the mechanical threshold for paw withdrawal only significantly increased at a dose of 10 mg/kg (*P* \< 0.01, by one-way ANOVA, [Fig. 1b](#f1){ref-type="fig"}). However, 30 min after administration, the mechanical threshold significantly increased with doses of 3 and 10 mg/kg (both *P* \< 0.01, by one-way ANOVA, [Fig. 1b](#f1){ref-type="fig"}).

Intravenous lidocaine decreases the spinal noxious response induced by peripheral pinch stimuli
-----------------------------------------------------------------------------------------------

We next investigated the effect of intravenous lidocaine on SG neuron responses to noxious stimulus using the *in vivo* whole-cell patch-clamp technique. Stable recordings were obtained from 157 SG neurons. All recorded neurons had resting membrane potentials lower than −50 mV. The average resting membrane potential and input membrane resistance were −62.2 ± 2.2 mV (*n* = 157) and 382.7 ± 30.1 MΩ (*n* = 157), respectively. All neurons exhibited excitatory postsynaptic currents (EPSCs) at a holding potential of −70 mV where no inhibitory postsynaptic currents (IPSCs) were observed. The average frequency and amplitude were 15.8 ± 3.8 Hz (*n* = 114) and 32.5 ± 5.1 pA (*n* = 114), respectively. These values were similar to those of a previously reported *in vivo* patch-clamp study[@b29].

Pinch noxious stimuli applied to the ipsilateral hindlimb for 5 s evoked a barrage of EPSCs ([Fig. 2a](#f2){ref-type="fig"}) with an increase in the area under the curve, surrounded by the baseline and border of EPSCs ([Fig. 2b](#f2){ref-type="fig"}). Stimulating the contralateral hindlimb did not elicit any EPSCs. The area under the curve for the pinch responses was significantly reduced by intravenous lidocaine (10 mg/kg) compared with the control condition (n = 12, *P* \< 0.05 by Student's paired *t* test, [Fig. 2a,c](#f2){ref-type="fig"}). The peak amplitudes were not determined because multiple summations resulting from the high frequency bursting of EPSCs made it difficult to obtain an accurate estimation.

Intravenous lidocaine decreases the frequency of spontaneous EPSCs without changing their amplitude
---------------------------------------------------------------------------------------------------

We next investigated the effect of intravenous lidocaine on spontaneous EPSCs to clarify the mechanisms underlying the inhibitory action of intravenous lidocaine on pinch-evoked EPSCs. Application of the α-amino-3-hydroxy-5-methl-4-isoxazole propionic acid (AMPA) receptor antagonist CNQX to the surface of the spinal cord rapidly and completely blocks spontaneous EPSCs[@b30], indicating that they are mediated by glutamate release (data not shown). Intravenous lidocaine (10 mg/kg) decreased the frequency (47.1 ± 6.5% of controls, *P* \< 0.01) but not the amplitude (93.7 ± 8.1% of controls, *P* = 0.46) of spontaneous EPSCs 10 min after administration (*n* = 12, [Fig. 3a,c](#f3){ref-type="fig"}). [Figure 3d](#f3){ref-type="fig"} shows the effects of intravenous lidocaine on the cumulative distributions of the spontaneous EPSC inter-event intervals and amplitudes before and after lidocaine application. When compared to the controls using the Kolmogorov-Smirnov test, intravenous lidocaine changed the cumulative frequency distribution of spontaneous EPSCs with significantly longer inter-event intervals (i.e., intravenous lidocaine decreased the frequency, *P* \< 0.01). However, it had no effect on the cumulative amplitude distribution of the spontaneous EPSCs (*P* = 0.11).

The effect of intravenous lidocaine on spontaneous EPSCs varied in a dose-dependent manner. Although 3 mg/kg of intravenous lidocaine decreased the frequency (68.4% ± 11.5% of controls, *P* \< 0.05), it had no effect on the amplitude (93.6 ± 12.4% of controls, *P* = 0.31) of spontaneous EPSCs 10 min after administration (*n* = 10, [Fig. 3b,c](#f3){ref-type="fig"}). However, 1 mg/kg of intravenous lidocaine did not change the frequency (100.9 ± 1.6% of controls, *P* = 0.57) or amplitude (102.6 ± 4.9% of controls, *P* = 0.55) of spontaneous EPSCs 10 min after administration (*n* = 10, [Fig. 3b,c](#f3){ref-type="fig"}).

Intravenous lidocaine decreases the frequency of miniature EPSCs without changing their amplitude
-------------------------------------------------------------------------------------------------

To determine whether the site of the inhibitory action of intravenous lidocaine exists on the soma (postsynaptic recording neuron) or presynaptic terminals, we further investigated the effects of intravenous lidocaine on miniature EPSCs in the presence of the Na^+^ channel blocker TTX (0.5 μM). Since action potential conduction is blocked by TTX, the direct effects of intravenous lidocaine on the miniature release of glutamate from the presynaptic terminals can be isolated. As shown in [Fig. 4a](#f4){ref-type="fig"}, superfusion of TTX completely abolished the evoked EPSCs induced by peripheral pinch stimuli and large amplitude EPSCs were also inhibited. In the presence of TTX, SG neurons still exhibited smaller amplitudes of EPSCs mediated by miniature glutamate release. Miniature EPSCs were also inhibited by intravenous lidocaine administration (see lower traces with an expanded time scale in [Fig. 4a](#f4){ref-type="fig"}). Intravenous lidocaine (10 mg/kg) decreased the frequency (72.6 ± 13.4% of controls, *P* \< 0.05) but not the amplitude (95.7 ± 6.4% of controls; *P* = 0.41) of miniature EPSCs 10 min after administration (*n* = 10, [Fig. 4a,b](#f4){ref-type="fig"}).

[Figure 4c](#f4){ref-type="fig"} shows the effects of intravenous lidocaine on the cumulative distributions of miniature EPSC inter-event intervals and amplitudes before and after lidocaine application. When compared to the controls using the Kolmogorov-Smirnov test, intravenous lidocaine changed the cumulative frequency distribution of miniature EPSCs with significantly longer inter-event intervals (i.e., intravenous lidocaine decreased the frequency, *P* \< 0.01). However, it had no effect on the cumulative amplitude distribution of the miniature EPSCs (*P* = 0.59). These findings indicate that the intravenous lidocaine-induced decrease in glutamate release is presynaptic in origin.

Intravenous lidocaine has no effect on spontaneous inhibitory postsynaptic currents
-----------------------------------------------------------------------------------

We next examined the effect of intravenous lidocaine on spontaneous IPSCs elicited in SG neurons at a holding potential of 0 mV. All neurons exhibited spontaneous IPSCs at this holding potential whereas no EPSCs were observed as shown in our previous work[@b31]. The average frequency and amplitude were 42.4 ± 11.1 Hz (*n* = 12) and 38.3 ± 9.2 pA (*n* = 12), respectively. These values were similar to those of a previously reported *in vivo* patch-clamp study[@b29]. Intravenous lidocaine (10 mg/kg) did not change the frequency (101.8 ± 9.3% of controls, *P* = 0.2) or amplitude (101.1 ± 19.7% of controls, *P* = 0.38) of spontaneous IPSCs 10 min after administration (*n* = 7, [Fig. 5a,c](#f5){ref-type="fig"}). [Figure 5d](#f5){ref-type="fig"} shows the effects of intravenous lidocaine on the cumulative distributions of spontaneous IPSC inter-event intervals and amplitudes before and after lidocaine application. When compared to the controls using the Kolmogorov-Smirnov test, intravenous lidocaine had no effect on the cumulative inter-event interval (*P* = 0.097) or amplitude distribution of spontaneous IPSCs (*P* = 0.18, [Fig. 5d](#f5){ref-type="fig"}).

Low doses of intravenous lidocaine also did not change the frequency (3 mg/kg, 98.8 ± 3.3% of controls, *n* = 7, *P* = 0.24; 1 mg/kg, 99.8 ± 4.3% of controls, *n* = 4, *P* = 0.47) or amplitude (3 mg/kg, 104.8 ± 5.8% of controls, *n* = 7, *P* = 0.19; 1 mg/kg, 105.2 ± 7.4% of controls, *n* = 4, *P* = 0.13) of spontaneous IPSCs 10 min after administration ([Fig. 5b,c](#f5){ref-type="fig"}).

We also investigated the effect of intravenous lidocaine on miniature IPSCs in the presence of TTX. Intravenous lidocaine (10 mg/kg) did not change the frequency (95.5 ± 13.2% of controls, *P* = 0.27) or amplitude (95.7 ± 6.0% of controls, *P* = 0.12) of miniature IPSCs (*n* = 5, data not shown). These results suggest that intravenous lidocaine has no effect on inhibitory synaptic transmission in the spinal dorsal horn.

Intravenous lidocaine produces an outward current in SG neurons
---------------------------------------------------------------

Intravenous lidocaine dose-dependently induced an outward current in SG neurons ([Fig. 6](#f6){ref-type="fig"}). The average amplitude of the intravenous lidocaine (10 mg/kg)-induced outward current was 8.5 ± 2.1 pA (*P* \< 0.05 compared to the 1 mg/kg group) in 8 of 12 (66.7%) neurons. Low doses of intravenous lidocaine produced similar responses: 2.7 ± 1.1 pA (*P* = 0.45 compared to 1 mg/kg group) with 3 mg/kg in 4 of 9 (44.4%) neurons, and 1.4 ± 0.8 pA with 1 mg/kg in 3 of 7 (42.9%) neurons. The lidocaine (10 mg/kg)-induced outward currents were confirmed from 3 to 10 minutes after administration of lidocaine and persisted for more than 30 minutes. Furthermore, in the presence of TTX (0.5 μM), intravenous lidocaine (10 mg/kg) also induced an outward current (12.1 ± 5.7 pA) in 7 of 10 (70%) neurons (data not shown). These results suggest that intravenous lidocaine produces a postsynaptic outward current to hyperpolarize SG neurons in the spinal dorsal horn.

Discussion
==========

We demonstrated that intravenously administered lidocaine produces analgesic effects on the withdrawal response to mechanical noxious stimuli at doses of 3 and 10 mg/kg. To clarify the mechanism underlying its analgesic effect, we investigated the effect of lidocaine on subthreshold synaptic transmission and postsynaptic membrane currents in SG neurons of the superficial dorsal horn, which has an important role in transmitting and modulating nociceptive information[@b27][@b28]. Our *in vivo* patch-clamp technique enabled us to quantitatively analyse the spinal actions of intravenous lidocaine and we found that lidocaine at the same doses used in the behavioural analysis inhibited spontaneous and pinch-evoked excitatory synaptic responses without affecting inhibitory synaptic responses in SG neurons. Miniature analysis of the synaptic events suggests that lidocaine acts on presynaptic terminals to reduce glutamate release. Furthermore, intravenous lidocaine also produced outward (hyperpolarizing) currents. The effective doses for the subthreshold spinal neuronal responses were approximately one order of magnitude lower than those for blocking impulses in peripheral afferent nerve fibres in previous reports[@b5][@b6]. This is the first study to show the subthreshold and multiple direct actions of intravenous lidocaine in the spinal cord.

Intravenous lidocaine has an analgesic effect on mechanical and acute noxious responses in naïve rats
-----------------------------------------------------------------------------------------------------

Previous studies demonstrated that intravenous lidocaine has a minimal effect on pain thresholds in acute pain[@b32][@b33]. Abram *et al.* showed that intravenous lidocaine (3 mg bolus + 25 μg/min infusion) had no effect on acute pain (formalin phase 1 flinching activity) but significant reduced chronic pain (formalin phase 2 flinching activity)[@b32]. On the other hand, intravenous lidocaine (5, 10, and 15 mg/kg) suppressed the maintained formalin-evoked activity (phases 1 and 2) *in situ* from single sural nerve fibres[@b33]. These studies evaluated pain behaviour by assessing responses to thermal stimulation such as latency to licking or flinching[@b32][@b34] or withdrawal responses using von Frey filaments[@b35]. We used a dynamic aesthesiometer to evaluate the effects of intravenous lidocaine on mechanical withdrawal threshold to show that lidocaine significantly and dose-dependently increased the mechanical thresholds in naïve rats. This suggests that intravenous lidocaine also has an analgesic effect on acute noxious transmission.

Intravenous lidocaine inhibits excitatory synaptic transmission in spinal dorsal horn neurons
---------------------------------------------------------------------------------------------

To elucidate the spinal actions of intravenous administration of lidocaine, we investigated excitatory synaptic responses mediated by glutamate release[@b30] in SG neurons *in vivo*, which exhibited spontaneous EPSCs with an average amplitude and frequency of 33 pA and 16 Hz, respectively. The amplitude was almost comparable to that of EPSCs evoked by cutaneous noxious pinch stimulation (see control response in [Fig. 2a](#f2){ref-type="fig"}). Application of a voltage-gated Na^+^ channel blocker inhibited large amplitudes of spontaneous EPSCs ([Fig. 4a](#f4){ref-type="fig"}). These results suggest that SG neurons *in vivo* receive excitatory glutamatergic synaptic inputs evoked by spontaneous neuronal firing. Intravenous lidocaine decreased the frequency of spontaneous EPSCs by 47% at 10 mg/kg and 68% at 3 mg/kg and shifted the cumulative frequency distribution toward significantly longer inter-event intervals ([Fig. 3](#f3){ref-type="fig"}). This implies that lidocaine reduces the frequency of excitatory glutamatergic inputs, which would regulate the basal excitability of SG neurons. However, lidocaine did not change the amplitude of spontaneous EPSCs or the cumulative amplitude distribution, suggesting that lidocaine has no action on postsynaptic glutamate receptor activity. In support of this, lidocaine did not affect the amplitude of miniature EPSCs in the presence of TTX. On the contrary, lidocaine decreased miniature EPSC frequency, suggesting that it also acts on glutamate release from the presynaptic terminals of SG neurons.

What type of mechanism would decrease EPSC frequency? A previous report shows that NMDA- and AMPA-induced extracellular signal-regulated kinase activation was suppressed by lidocaine and may be one of the mechanisms through which lidocaine prevents surgical pain[@b18]. Furthermore, intravenous lidocaine-induced analgesic action in rats subjected to the formalin test for acute pain was partly reversed by D-serine, a full agonist at the glycine-binding site of glutamate NMDA receptors[@b34]. Liu *et al.* showed that local anaesthetics (*e.g.*, bupivacaine and ropivacaine) inhibited high-voltage-activated Ca^2+^ currents evoked in dorsal horn neurons. Because the half-maximal blockade of Ca^2+^ channels occurred at higher concentrations compared with Na^+^ channels (\~5--15 times)[@b36], their blockade may not contribute to interrupting neurotransmission at physiologically relevant concentrations of intravenous lidocaine. Although the precise mechanisms are unclear, our findings suggest that intravenous lidocaine acts directly on excitatory glutamatergic synaptic inputs to SG neurons to reduce glutamate release.

Intravenous lidocaine has no effect on inhibitory transmission in spinal dorsal horn neurons
--------------------------------------------------------------------------------------------

Given that intravenous lidocaine facilitates a descending inhibitory system[@b37][@b38] or local inhibitory actions[@b39], we can expect effects of intravenous lidocaine on inhibitory synaptic transmission in SG neurons. Glycine is one of the main inhibitory neurotransmitters in the central nervous system[@b40] and is involved in the development of neuropathic pain[@b41]. A study reported that the analgesic action of intravenous lidocaine was reduced by intrathecally administered strychnine (an antagonist at inhibitory glycine-receptors) in the chronic constriction injury model using rats, suggesting a glycine-like action of lidocaine or its metabolites in the spinal cord[@b34]. However, our results showed that intravenous lidocaine had no effect on spontaneous or miniature IPSCs. Although previous studies have suggested that intravenous lidocaine may modulate such an inhibitory system, our findings show that intravenous lidocaine does not modify basal inhibitory synaptic transmission in SG neurons.

Intravenous lidocaine acts on postsynaptic SG neurons in the spinal cord
------------------------------------------------------------------------

Furthermore, we found that intravenous lidocaine induced outward currents in SG neurons. These results suggest that intravenous lidocaine acts on postsynaptic neurons to hyperpolarize the membrane and therefore shift the potential even further from the firing threshold, thus reducing excitability. One possibility is that intravenous lidocaine facilitates a descending inhibitory system and increases the release of noradrenaline or serotonin, which induces outward currents. Noradrenaline and serotonin cause membrane hyperpolarization by opening K^+^ channels in dorsal horn neurons[@b42][@b43]. However, in the present study, the K^+^ channel blocker caesium was present in the pipette solution[@b42][@b43]. In addition, our results showing that intravenous lidocaine had no effect on IPSCs suggest that it did not facilitate the release of gamma-aminobutyric acid (GABA) and/or glycine that activate local inhibitory neurons and induce outward currents. Moreover, our finding that in the presence of TTX, intravenous lidocaine also induced an outward current suggests that intravenous lidocaine directly binds to postsynaptic SG neurons. As local anaesthetics could also interact with membrane phospholipids and proteins including various receptors (e.g., NMDA receptors[@b44], Ca^2+^ channels[@b36], and G protein-coupled receptors[@b45]), inhibition of the activities at these receptors or channels may contribute to the occurrence of outward currents.

Physiological significance of intravenous lidocaine-induced modulation of synaptic transmission in the spinal cord
------------------------------------------------------------------------------------------------------------------

Na^+^ channels are a key factor in regulating neuronal excitability and generating action potentials. Several lines of evidence suggest that the expression of TTX-sensitive and TTX-resistant Na^+^ channels is altered in nociceptors following nerve injury or inflammation. Therefore, decreased ectopic activity originating from the injured peripheral nerves or DRG by blockade of these Na^+^ channels may be a possible analgesic mechanism for intravenous lidocaine to influence neuropathic or inflammatory pain[@b10][@b11][@b12][@b13]. However, in the present study, there is no change in Na^+^ channel expression because we used naïve rats. We also examined the effect of intravenous lidocaine on acute pain. The blood concentration of intravenous lidocaine is not sufficient to block TTX-resistant and TTX-sensitive Na^+^ channels in naïve rats[@b32][@b46], thus, Na^+^ channels are unlikely to be the target of intravenous lidocaine with regard to its analgesic effect on acute pain in naïve rats.

Interestingly, the action of intravenous lidocaine on the mechanical stimuli in the behavioural test had a longer duration than that in pinch-evoked EPSCs in the electrophysiological experiments. Likewise, the action of lidocaine was longer on the spontaneous and miniature EPSCs and outward current. Some investigators have reported that the suppressive effect of lidocaine on action potentials in extracellular recording had a significantly shorter duration (less than 30 min) than that in behavioural experiments (more than a few hours)[@b10][@b24]. There are numerous spontaneous neuronal inputs in spinal dorsal horn neurons without input from peripheral nerves. However, only action potentials are observed in extracellular recording. Therefore, the main analgesic effect of intravenous lidocaine with a long duration will likely be due to decreased spontaneous excitatory inputs from presynaptic terminals. We found prolonged pre- and postsynaptic effects of lidocaine associated with behavioural experiments with an extended duration.

The present study analysed the effect of intravenous lidocaine on acute pain in naïve rats. Intravenous lidocaine has been used clinically to relieve neuropathic or postoperative pain. Because the physiological characteristics and mechanisms of these animal pain models may vary from those of naïve rats, the effects of intravenous lidocaine may likewise differ. The *in vivo* patch-clamp method is a good tool to investigate changes in the balance between excitatory and inhibitory synaptic transmission in spinal cord neurons because the neural circuit is preserved. Further study with this method is required to clarify the mechanism of action of intravenous lidocaine on neuropathic and inflammatory pain.

In summary, we found that intravenous lidocaine produces analgesic effects on acute pain in naïve rats. To elucidate its mechanism, we investigated the effect of lidocaine on synaptic transmission that is "below the threshold" of the action potential using the *in vivo* patch-clamp technique. Our results suggest that intravenous lidocaine inhibits glutamate synaptic transmission in the spinal cord and acts on postsynaptic SG neurons for a longer duration than previously reported. This direct action of intravenous lidocaine on spinal SG neurons reveals its important role in the alleviation of acute pain.

Materials and Methods
=====================

Animals
-------

All animal experiments were conducted in accordance with international guidelines on the ethical use of animals, and all efforts were made to minimize animal pain or discomfort. Animal housing and surgical procedures were approved by the Institutional Animal Care and Use Committee of Niigata University Graduate School of Medical and Dental Science. Male Wistar rats (6 to 10 weeks) weighing 200 to 380 g were housed in plastic cages at 22 ± 2 °C on a standard 12-h light/dark cycle with food and water available *ad libitum*.

Behavioural tests
-----------------

Rats were acclimated to the experimental room for at least 1 h before lidocaine administration. Rats were placed on a perforated metal platform and mechanical stimuli were delivered to the plantar surface of the hind paw using the Dynamic Plantar Aesthesiometer (37450, Ugo Basile, Comerio, Italy) positioned beneath the platform. The equipment raises a straight metal 0.5-mm diameter filament until it touches the plantar surface of the hindpaw and exerts an increasing upward force (from 1 to 50 g over 20 s) until the paw is withdrawn or the preset cut-off is reached (50 g). Study of the dose-dependent effects of lidocaine involved four groups (1, 3, 10 mg/kg of lidocaine and normal saline), each with *n* = 6 animals. Lidocaine or normal saline (100 μl per animal) was administered intravenously through a tail vein. The mechanical withdrawal threshold was measured for the right paw from the average of 5 aesthesiometer trials at 10, 15, 30, 60, and 120 min after lidocaine administration.

*In vivo* patch-clamp recording from SG neurons
-----------------------------------------------

The methods used for *in vivo* patch-clamp recording from the SG neurons were similar to those described previously[@b29][@b47][@b48]. Briefly, male Wistar rats were anesthetized with urethane (1.2--1.5 g/kg, intraperitoneally) and the tail artery and vein were cannulated for blood pressure monitoring and drug administration, respectively. If a withdrawal reflex appeared, then a supplemental dose of urethane was given during surgery and the data collection period. A heating pad was placed beneath the rat to maintain its body temperature. Thoracolumbar laminectomy was performed at the level of T12 to L2 to expose the lumbar enlargement of the spinal cord. The rat was placed in a stereotaxic apparatus (Model ST-7; Narishige, Tokyo, Japan). After the dura mater was opened, the pia-arachnoid membrane was removed to make a window large enough to allow the patch electrode to enter the spinal cord. The surface of the spinal cord was continuously perfused with Krebs solution equilibrated with 95% O~2~ and 5% CO~2~ gas mixture at a flow rate of 10 to 15 ml/min maintained at 36 °C using a temperature controller (TC-324B; Warner Instruments, Hamden, CT, USA). The Krebs solution contained (in mM) 117 NaCl, 3.6 KCl, 2.5 CaCl~2~, 1.2 mgCl~2~, 1.2 NaH~2~PO~4~, 25 NaHCO~3~, and 11 D-glucose.

The patch electrodes were pulled from borosilicate glass capillaries (OD, 1.5 mm) using a puller (p-97; Sutter Instruments, Novato, CA, USA). The resistance of a typical patch pipette was 4--8 MΩ when filled with internal solution. The patch pipette solution contained (in mM) 110 Cs~2~SO~4~, 5 tetraethylammonium, 0.5 CaCl~2~, 2 mgCl~2~, 5 EGTA, 5 HEPES, and 5 ATP-Mg (pH 7.2). The electrode was advanced into the spinal dorsal horn through the window in the pia-arachnoid membrane using a micromanipulator (Model MWS-32S; Narishige, Tokyo, Japan). A giga-ohm seal (resistance \> 5 GΩ) was then formed with neurons at a depth of 50--150 μm from the spinal cord surface. After making a giga-ohm seal, the patch membrane was ruptured by a brief period of negative pressure, resulting in a whole-cell configuration. Signals were collected using an Axopatch 200B amplifier in conjunction with a Digidata 1440A A/D converter (Molecular Devices, Sunnyvale, CA, USA) and stored on a personal computer using the pCLAMP 10 data acquisition program (Molecular Devices). The data were analysed using Mini Analysis 6.0 software (Synaptosoft, Fort Lee, NJ, USA) or pCLAMP 10. All experiments were performed in voltage-clamp mode at a holding potential of −70 or 0 mV.

Drug application
----------------

Lidocaine was dissolved in 0.9% saline and adjusted to a volume of 100 μl in each concentration group. It was intravenously administered via a tail vein catheter for 3 min during *in vivo* patch-clamp recordings. For spinal application, drugs were diluted in Krebs solution and superfused onto the spinal cord without altering the perfusion rate or temperature. The time necessary for the solution to flow from the stopcock to the spinal cord surface was approximately 10 s. Lidocaine hydrochloride was purchased from Sigma-Aldrich (St. Louis, MO, USA) and 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX) and tetrodotoxin (TTX) from Wako (Osaka, Japan).

Stimulation protocols
---------------------

We shaved fur from the rat hindquarter (the lumbar, gluteal, and hindlimb regions) to exclude the effect of non-noxious touch stimuli to the hair. In voltage-clamp mode, we identified a neuron responding exclusively to noxious pinch stimuli. We marked the area on the skin where a noxious pinch stimulus produced the neural response. The noxious mechanical stimuli were then applied to the marked site with toothed forceps. To maintain a fixed strength of noxious stimulation, the toothed forceps were clamped during skin pinching for a constant duration of 5 s to include pinching pain.

Study approval
--------------

All animal experiments were conducted in accordance with international guidelines on the ethical use of animals and all efforts were made to minimize the amount of pain or discomfort experienced by the animals. Animal housing and surgical procedures were approved by the Institutional Animal Care and Use Committee of Niigata University Graduate School of Medical and Dental Science (Approval No. 342-5).

Statistical analysis
--------------------

All numerical data are shown as mean ± S.E.M. Statistical significance was determined as *P* \< 0.05. Student's paired *t*-tests, one-way analyses of variance (ANOVAs), Tukey's multiple comparisons, or Kolmogorov-Smirnov tests were used as indicated for statistical analyses. In the behavioural and electrophysiological data, n refers to the number of neurons studied.
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![Assessment of the behavioural response to intravenous administration of lidocaine.\
(**a**) Intravenous lidocaine significantly increased the mechanical threshold for paw withdrawal in a dose-dependent manner. Concentrations of intravenous lidocaine ranged from 1 to 10 mg/kg. In each dose group, *n* = 6; \*\**P* \< 0.01 in 3 mg/kg group and ^†^*P* \< 0.05 and ^††^*P* \< 0.01 in 10 mg/kg group compared to controls by one-way analysis of variance (ANOVA) with Tukey's test, respectively. (**b**) Ten minutes after intravenous lidocaine administration, the mechanical threshold for paw withdrawal significantly increased in the 10 mg/kg group but not in the 3 mg/kg group. However, 30 min after lidocaine administration, the mechanical threshold significantly increased in both the 3 and 10 mg/kg groups. The mechanical threshold did not change at either time point in in the 1 mg/kg group. \*\**P* \< 0.01 compared with controls by one-way ANOVA with Tukey's test.](srep26253-f1){#f1}

![Intravenous administration of lidocaine decreases the noxious response induced by peripheral pinch stimuli.\
(**a**) Intravenous lidocaine (10 mg/kg) suppressed evoked excitatory postsynaptic currents (EPSCs) induced by peripheral pinch stimuli in a reversible manner. (**b**) Schematic diagrams showing areas under the curve. Analysis of the area surrounded by the baseline and border of EPSCs was performed with Clampfit10 software. (**b**) The area under the curve was significantly decreased by intravenous lidocaine (10 mg/kg) compared with controls both 10 and 15 min after administration. *n* = 12, \**P* \< 0.05 compared to controls by Student's paired *t*-test.](srep26253-f2){#f2}

![Intravenous administration of lidocaine decreases the frequency of spontaneous EPSCs but not change their amplitude.\
(**a**) Intravenous lidocaine (10 mg/kg) decreases the frequency of spontaneous excitatory postsynaptic currents (EPSCs). In contrast, it has no effect on the spontaneous EPSC amplitude. Downward arrows indicate outtakes of the top trace shown on an expanded timescale. Lidocaine was administered for 3 min from the arrowhead. (**b**) Intravenous lidocaine (3 mg/kg) decreases the frequency, but not the amplitude, of spontaneous EPSCs. In contrast, intravenous lidocaine (1 mg/kg) has no effect on the spontaneous EPSC frequency or amplitude. (**c**) Average frequency (upper graph) and amplitude (lower graph) of spontaneous EPSCs in the presence of lidocaine (10, 3, 1 mg/kg) relative to controls are shown as a function of time (mean ± standard error of the mean, n = 12, 9, 7, respectively). (**d**) Intravenous lidocaine (10 mg/kg) significantly shifts the cumulative distribution of the inter-event intervals to the right (*P* \< 0.01, Kolmogorov-Smirnov test) (upper graph). In contrast, it has no effect on the cumulative distribution of the amplitudes (*P* = 0.11) (lower graph).](srep26253-f3){#f3}

![Intravenous administration of lidocaine decreases the frequency of miniature EPSCs without changing their amplitude.\
(**a**) Presented is an example of the effect of intravenous lidocaine on excitatory postsynaptic currents (EPSCs) in the presence of tetrodotoxin (TTX). After spinal superfusion of TTX (0.5 μM), the EPSCs elicited by peripheral pinch stimuli disappeared completely and large amplitudes of EPSCs were also inhibited. Intravenous lidocaine (10 mg/kg) reduced the frequency of miniature EPSCs. In contrast, intravenous lidocaine had no effect on the amplitude of miniature EPSCs. Downward arrows indicate outtakes of the top trace shown on an expanded timescale. Lidocaine was administered for 3 min from the arrowhead. (**b**) Average frequency and amplitude of miniature EPSCs in the presence of lidocaine (10 mg/kg) relative to controls are shown as a function of time (mean ± standard error of the mean, n = 10). (**c**) Intravenous lidocaine (10 mg/kg) significantly shifts the cumulative distribution of the inter-event intervals to the right (*P* \< 0.01, Kolmogorov-Smirnov test) (left graph). In contrast, it has no effect on the cumulative distribution of the amplitudes (*P* = 0.59) (right graph).](srep26253-f4){#f4}

![Intravenous administration of lidocaine has no effect on the spontaneous IPSC frequency or amplitude.\
(**a**) Spontaneous inhibitory postsynaptic currents (IPSCs) amplitude and frequency were unaffected by intravenous lidocaine (10 mg/kg). Downward arrows indicate outtakes of the top trace shown on an expanded timescale. Lidocaine was administered for 3 min from the arrowhead. (**b**) Spontaneous IPSC amplitude or frequency was unaffected by intravenous lidocaine (3 or 1 mg/kg). Downward arrows indicate outtakes of the top trace shown on an expanded timescale. Lidocaine was administered for 3 min from the arrowhead. (**c**) Average frequency (upper graph) and amplitude (lower graph) of spontaneous IPSCs in the presence of lidocaine (10, 3, 1 mg/kg) relative to controls are shown as a function of time (mean ± standard error of the mean; n = 7, 7, 4, respectively). (**d**) Intravenous lidocaine (10 mg/kg) has no effect on the cumulative distribution of the inter-event intervals (*P* = 0.097, Kolmogorov--Smirnov test) (upper graph) or the cumulative distribution of the amplitudes (*P* = 0.18) (lower graph).](srep26253-f5){#f5}

![Intravenous administration of lidocaine produces an outward current in SG neurons.\
(**a**) Intravenous lidocaine (10 mg/kg) produces an outward current at a holding potential of −70 mV. Traces below are shown on an expanded time scale. Lidocaine was administered for 3 min from the arrowhead. (**b**) Intravenous lidocaine induces an outward current in SG neurons. The average amplitude of the intravenous lidocaine (10 mg/kg)-induced outward current was larger than that of lidocaine (1 mg/kg). \**P* \< 0.05 compared to 1 mg/kg group by one-way analysis of variance (ANOVA).](srep26253-f6){#f6}
